Introduction
============

To fulfill commitments under Article 3.4 of the Kyoto Protocol, Germany has provided for the first-time verifiable estimates and an uncertainty analysis for soil carbon (C) stocks as well as for C sequestration rates over a certain period of time. Forests play an important role in the global C cycle by capturing C from the atmosphere through photosynthesis, converting it into biomass, and emitting it back into the atmosphere or fixing it into stable soil organic matter (SOM) pools ([@b59]). The amount of soil C is determined by the net balance between the rate of organic C input in leaf and root biomass and its mineralization ([@b26]; [@b28]). The magnitude of the C pool in forest depends on soil properties, climate, and anthropogenic activities. The ability of soil to stabilize SOM and the relationship between soil structures are key elements in soil C dynamics ([@b77]). Physical properties as in silt and clay content or the microaggregation of soil are considered to protect organic matter from decomposing organisms ([@b56]; [@b80]; [@b36]). The influence of tree species on the C pool is widely studied, however, a comprehensive understanding of the magnitude of tree species influence across site types has not yet been reached ([@b82]; Ladegaard-[@b42]; [@b64]). The C storage in ecosystems can also be affected by stand management practices.

Modeling studies suggest that European forest soils are currently sequestering 26 Tg C yr^−1^, which is 30--50% of the estimated C sink in the forest biomass ([@b45]). [@b15] calculated with three different modeling approaches that C sequestration rates at intensively monitored European forest plots ranged from 0 to 978 kg C ha^−1^ yr^−1^. [@b45] estimated for forest soils in central Europe a sink of 0.6 Mg C ha^−1^ for the year 2000. The large C sink was mainly attributed to an increase of forest biomass, which is the result of less intensive harvesting regimes. A study of [@b68] has shown that C sequestration rates ranged from 0.01 to 0.8 Mg ha^−1^yr^−1^ for managed forest land. European C pool and fluxes modeling tend to reveal a CO~2~ sink rather than a release; however, the behavior of forest soils still remains uncertain ([@b45]; [@b54]; [@b5]). Moreover, modeling or input--output balances based on large-scaled studies on C stocks are afflicted with high uncertainties. Consequently, direct measurements by repeated soil inventories are urgently needed to further improve these estimates ([@b75]). A review conducted for this study has shown that nationwide C stocks and C stock changes cannot be accurately determined without comparable and harmonized inventory data. Countries with an accurate single database on the national level including sufficient information to estimate national C stocks, obtained harmoniously to sufficient soil depth (i.e., C concentrations, bulk density, and stone content) are scarce. Furthermore, a representative dataset covering the whole area of the country is essential ([@b61]).

Reported changes in C stocks in the soils of Denmark were assessed by two forest soil inventories conducted during 1990 and 2005 ([@b55]). The Swedish National Forest Soil Inventory is sampling ca. 6000 permanent survey sample plots in 10 year intervals ([@b76]). Most existing national monitoring systems have only undertaken one single sampling ([@b67]). Estimates of national-wide C pools and trends from repeated soil inventories or monitoring are, however, still the exception ([@b7]). Most studies compiled data from unrelated soil surveys to reflect C pool changes for a certain time period. Based on comprehensive soil surveys, e.g., [@b43] presented changes in soil C stocks in Belgium between 1960, 1990, and 2000. [@b7] estimated changes in the C concentrations based on data from the National Soil Inventory of England and Wales obtained between 1978 and 2003. Nevertheless, only 40% of the original sites were resampled. In a study of [@b92] changes of C stock were examined by comparing current measurements with historical records derived from China\'s National Soil Inventory during the 1980s. In the following study, direct measurements by repeated soil inventories have been applied to estimate national C pools and trends.

Many estimates of regional C sequestration potential have made use of linear regressions based on long-term experimental data ([@b15]; de [@b85]), whereas some studies have used dynamic SOM models linked to spatial databases ([@b20]; Stevens & van [@b78]). The reliability of these modeling results depends on data available for calibration and validation. Most regional estimates of C stocks are based on extrapolations of the mean soil C content for broad categories of soil or vegetation types ([@b37]; [@b51]; [@b43]). [@b37]) recommended a soil taxonomic approach. [@b51] estimated the extent of C stored in Japanese forests by soil units, which were determined using digital soil and land use data. A study of [@b43] quantified changes in C stocks in Belgium between certain spatially explicit land units with unique soil association and land use type. To our knowledge, there is no existing study which has applied data of site-specific forest stands and repeated soil inventory information to estimate C pools and trends on forest sites on the national level.

Accurately estimating the organic C stocks in soils is difficult because C stocks vary over multiple spatial scales due to the complexity of physical, chemical, and biological processes that influence C cycling in the soil ([@b81]). Variations in soil C stocks are related to a number of environmental factors (e.g., climate, parent material, landscape position) as well as human-induced factors (e.g., land use type, management intensity) ([@b79]; [@b52]; [@b47]). The relative importance of environmental and human-induced factors varies at different spatial scales; however, the resulting spatial pattern of soil C stocks remains poorly understood. Calculation of soil C stocks requires the determination of soil C concentrations, bulk densities, stone contents, and soil depth, which all vary depending on site and have different measurement errors associated ([@b71]). It has been shown that these variables did not contribute similar to the variability of soil C stocks. A study of [@b16] observed at two grassland sites a higher relative variability of C concentrations than that of bulk densities. This was also shown by [@b25] who found across different spatial scales that C concentrations and stone contents were predominant at Belgian agriculture sites. Nevertheless, it is known that soil C stock determining variables are not independent of each other and that the covariance between them needs to be considered when analyzing the variability of soil C stocks ([@b25]; [@b71]). So far, only a few studies have considered uncertainties of various variables in the soil C stocks in an integrated approach to quantify the relative contribution of each variable and their interactions involved on the soil C stock variability on forest sites on the national level.

With the repetition of the National Forest Soil Inventories (NFSI), Germany obtained a capacious basis to evaluate the *status quo* of SOM and the C sequestration rate of forested soils throughout a certain time period. Soil sampling, preparation and analyses were exclusively conducted by the Federal States authorities according to the predefined soil survey manual of a German Federation/Federal States working group ([@b11]). Results of the first NFSI (NFSI I) were presented by [@b91]), who showed spatial patterns of C stocks and morphological humus forms and displayed correlations to bedrock, soil texture, and main soil type. The objective of this study was to evaluate the development of the C pool in forest soils in Germany with respect to the NFSI II. Datasets from both NFSIs were combined to assess: (i) the annual C accumulation with respect to C stock changes between 1990 and 2006, (ii) the C status of different soils and forest stands at the two inventories, as well as (iii) the relative contribution of each variable and interaction involved to the final soil C stock variability of German forest soils.

Material and methods
====================

Soil sampling schema
--------------------

The NFSI I was carried out according to a issued soil survey manual from [@b11]). A newly developed detailed manual for soil sampling was issued by [@b87] to conduct the NFSI II. The new manual is based on the German manuals of soil mapping ([@b1], [@b2], [@b3]) and on the manual from the [@b11]) to ensure the comparability of soil sampling.

The NFSI I was conducted between 1987 and 1993 on a systematic 8 × 8 km grid. The soil inventory was repeated between 2006 and 2008 primarily at the same plots. Here, we used data from 1865 NFSI I plots and 1813 NFSI II plots. The resampling at the same plots indicates a paired sampling schema (Fig.[1](#fig01){ref-type="fig"}). In reference to the NFSI II, 624 plots were not resampled at the original NFSI I plots. On the new federal state-specific inventory grid, 577 new plots were established for sampling. The grid plots of NFSI I that were not resampled and the new established plots of the NFSI II were considered as an unpaired sampling schema. The standard method for soil sampling at the NFSI grid plots are comprised of eight satellite samples with a centralized soil profile (Fig.[2](#fig02){ref-type="fig"}). Satellites are located 10 m from the plot center (soil profile) in cardinal and intercardinal directions. Soil sampling plots of the NFSI II were shifted 10 Gon from NFSI I satellites.

![Grid plots of the first/second (I/II) National Forest Soil Inventory (NFSI).](gcb0020-2644-f1){#fig01}

![Schematic presentation of the sampling design used for the first/second (I/II) National Forest Soil Inventory (NFSI).](gcb0020-2644-f2){#fig02}

The soil profiles were used to designate soil horizons and to classify soil types according to the newly developed manual for soil sampling. For both inventories, the entire organic layer was collected by mixed samples from satellites with metal frames. By the first inventory branches and cones of the organic layer were not sampled, however, all fractions were sampled with the NFSI II. The subsequent partition of the coarse fraction of the organic layer was set at a diameter of \>20 mm .

Sampling of the mineral soil was obligatory for both inventories and implemented at the depth increments of 0--5, 5--10, and 10--30 cm. In several federal states the soils were exclusively sampled by soil horizons which were subsequently converted to depth increments. While volume-based soil samples were taken for the NFSI I at the profile, mixed-volume-based samples were taken for the NFSI II at the satellites. Volume-based samples were crucial to estimate fine-earth stocks and bulk densities which are based on the mass and weight of the volume-based fine and coarse soil fractions. In a previous analysis of a small subset of NFSI-plots, it had been shown that fine-earth stocks based on estimated values deviate significantly from those based on measured values ([@b90]). Therefore, estimated bulk densities and coarse-earth stocks were replaced by measured values from the other inventory. Volume-based samples were taken by volume replacement or with a cylindrical core or a cap cutter, an AMS Core sampler or a motor driven auger. If soil sampling was not practical or feasible due to a high stoniness, on-site estimates of the bulk density were permitted. To compare the depth distribution of the C pool, volume-based C stocks (kg m^−3^) were calculated. For both inventories, soil samples for chemical analyses were obligatory at the satellites for the 0--5, 5--10, and 10--30 cm depth increments.

Sample preparation and analyses
-------------------------------

All laboratory analysis was provided by the Federal Forest Research Stations. The comparability of the applied laboratory analysis methods was tested by ring analysis (König & [@b40]). Laboratory analysis was conducted according to the methods of the expert committee on Forest Analysis ([@b24]). The organic layer samples were dried for 48 h at 60 °C, subsequently grated through a 2 mm sieve and ground. The mineral soil samples were dried for 48 h at 40 °C, subsequently sieved to \<2 mm and ground. Samples of the NFSI I were either analyzed by a Woesthoff carmhograph, gas-chromatographic elemental analysis, indirect determination by the loss on ignition at 550 °C, or wet combustion with potassium dichromate and acid sulfur. Gas-chromatographic elemental analysis or Kjeldahl N digestion with a subsequent photometric or titrimetric N-determination was used to determine N of the NFSI I samples. All laboratory analysis methods were included in the subsequent analysis, however, 79% of the NFSI I-samples were exclusively analyzed by gas-chromatographic elemental analysis. The total C and N concentrations of the NFSI II were determined by gas-chromatographic elemental analysis. Inorganic C for mineral soil samples was determined according to the Scheibler method ([@b69]). The organic C concentrations of carbonated soils were calculated from the difference between total and inorganic C concentrations.

Calculation of soil organic carbon
----------------------------------

Soil C stocks from the organic layer were calculated as a function of the size of the sampling frame, weight of the sampled material and soil C concentrations. The calculation of mineral soil C was carried out for each depth increment (D) down to a depth of 30 cm. Initially, the stocks of the fine-earth fraction (FES) were calculated as a function of dry bulk density of the fine-earth fraction (BD~FE~) and the volume of the coarse-soil fraction (CSV) \[Eqn [1](#e1){ref-type="disp-formula"}\], or the stocks of the coarse-soil fraction (CSS) and the dry bulk density of the gross soil (BD~g~) \[Eqn [2](#e2){ref-type="disp-formula"}\].

Carbon stocks for each depth increment were calculated by multiplying fine-earth stocks with C concentrations. Carbon stocks down to a depth 30 cm were obtained by summing up the individual depth increments. If the lowest depth level was partially included within 0--30 cm, C stocks were proportionately calculated. Horizon-wise samples have been transformed to depth increments by weighting soil horizon thickness in relation to the thickness of the overlapping segments.

Estimation of regional carbon stocks and carbon changes
-------------------------------------------------------

Site-specific forest stand and soil information were attributed to available nationwide geo-datasets. All plots were grouped into classes, which meet the classification scheme of the geo-datasets. In reference to the estimation of mineral soil C stocks, the plots were grouped into classes of soil groups plus federal states. For the estimation of organic layer C stocks, the plots were grouped into classes of forest stand type plus federal state. The inclusion of the federal states in the classification was necessary as the sampling density deviated between states.

The distribution of forests in Germany was derived from CORINE land cover data from 1990 to 2006 that distinguished between deciduous, coniferous, and mixed forests ([@b93], [@b94]). For the area-related calculation of the national C sequestration rate, we considered a forest area without organic soils of ca. 10.2 Mha^−1^ ([@b22]). The distribution of dominant soil group formations was derived from the 72 units of the national soil map 1 : 1 000 000. The soil map described soil groups and parent material according to the revised FAO Legend ([@b21]) and soil mapping units assigned to soil groups ([@b9]). If the soil inventory would be stratified according to all legend units of the soil map, sampling density for statistical evaluation would become insignificant for some units. Therefore, the soil types of the soil map legend were grouped according to parent material, texture, and carbonate contents as well as soil forming processes. Due to the exceptional soil properties of Histosols and the infrequency of Anthrosols under forest, these soil groups and their corresponding forest area are not considered in the analyses. Altogether, 52 different dominant soil groups were designated resulting in 16 newly assigned soil groups (Table[1](#tbl1){ref-type="table"}). In addition, a stratification exclusively based on substrates was conducted resulting in four substrate groups: dystrophic loose sediments of the lowland, eutrophic loose sediments of the lowland, solid rocks with a high base saturation of mountains and hills, and solid rocks with a low base saturation of mountains and hills.

###### 

List of the newly assigned soil groups (NSG)

  NSG   Soil types                                     Parent material                                                                                  Explanation
  ----- ---------------------------------------------- ------------------------------------------------------------------------------------------------ ---------------------------------------------------------------
  1     Regosols, Arenosols, Podzols                   Dystrophic sand deposits                                                                         Indifferent
  2     Fluvisols, Gleysols, Podzols                   Sandy to loamy deposits                                                                          Soils in broad river valleys, including terraces and lowlands
  3     Fluvisols, Gleysols, Luvisols                  Loamy to clayey partly calcareous deposits                                                       Soils in broad river valleys, including terraces and lowlands
  4     Cambisols, Luvisols, Regosols, Podzoluvisols   Boulder clay and till                                                                            Soils in undulating lowlands and hilly areas
  5     Gleysols, Arenosols, Regosols, Cambisols       Sandy deposits overlaying boulder clay                                                           Soils in undulating lowlands and hilly areas
  6     Cambisols, Arenosols                           Eutrophic sand deposits                                                                          Indifferent
  7     Luvisols, Podzoluvisols, Cambisols             Sandy loess to loessic loam partly overlying various rocks                                       Soils in loess areas of the lowlands and hilly areas
  8     Leptosols, Cambisols                           Slope deposits over limestone, marlstone and dolomite                                            Shallow soils derived from limestone weathering
  9     Cambisols, Luvisols                            Redeposited material derived from limestone, marlstone, and dolomite                             Deep soils derived from limestone weathering
  10    Cambisols, Gleysols                            Marlstone and claystone or calcareous gravels                                                    Weathered marlstone and claystone
  11    Cambisols                                      Basic and intermediate igneous rocks                                                             Soils from solid rocks of mountains and hills
  12    Cambisols, Gleysols                            Igneous and metamorphic rocks                                                                    Soils from solid rocks of mountains and hills
  13    Cambisols, Podsols                             Hard argillaceous and silty slates with greywacke, sandstone, quartzite, and phyllite            Soils from solid rocks of mountains and hills
  14    Cambisols, Podsols, Gleysols                   Sandstones, quartzite, and conglomerates                                                         Loss bearing sediments overlying various rocks
  15    Leptosols, Cambisols, Luvisols, Gleysols       Frequently alternating soils from slate, greywacke, limestone, marlstone, sandstone, siltstone   Loss bearing sediments mixed with various rocks
  16    Leptosols, Cambisols                           Limestone, dolomite, and noncalcareous silicate rocks                                            Alpine soils

In reference to paired samples, C stock changes of the organic layer and the mineral soil down to a depth of 30 cm of each soil group and forest stand type within a federal state were estimated by the difference of averaged C stocks. These C stocks were related to the elapsed years between inventories \[Eqn [3](#e3){ref-type="disp-formula"}\]: where *r*C~*m*~ is the soil C stock change in the mineral soil or organic layer of the category *m* (soil group or forest stand type within a federal state), C I~*i*~ is the soil C stock of NFSI I, C II~*i*~ is the soil C stock of NFSI II, and Δ*t*~*i*~ is the elapsed time between NFSI I and NFSI II of plot *i*.

Soil C stock changes in reference to the unpaired samples were derived by averaged C stocks (soil groups or forest stand type), which were related to the averaged elapsed time between the inventories \[Eqn [4](#e4){ref-type="disp-formula"}\]:

To obtain nationwide averages of soil C stock changes, soil group or forest stand type C stock changes were related to the corresponding forest area \[Eqn [5](#e5){ref-type="disp-formula"}\]: where *A*~*m*~ is the forest area of the category *m* (soil group or forest stand type within a federal state). A minimum sample size of *n* = 5 was applied. The areas were derived from a GIS-based intersection of the German soil map with the use of the CORINE land cover raster map. The approach enabled the calculation of area-weighted means, which accounted for state-specific differences in sample density.

To demonstrate the representativeness of the sample in respect to the up-scaling to soil groups, plot- and area-based percentages for both NFSI were determined. For this purpose, we related the forest area of each soil group or forest stand type to the whole forest area within the federal states. In addition, the number of inventory plots of each soil group or forest stand type was related to the total number of plots within the federal states. The comparison of the area- and the plot-based percentages, however, were not significant for both inventories.

Uncertainties analysis
----------------------

Uncertainties of estimated C stocks of the mineral soil and the organic layer resulted from the single uncertainty of measured variables \[Eqn [6](#e6){ref-type="disp-formula"}, law of error propagation, ISO/IEC Guide 98--3: 2008\].

with *y* = *f* (*x*~1~, ..., *x*~*n*~); *S*~*xi*~ = standard deviation of the mean from *x*~*i*~.; *cov* (*x*~*i*~, *x*~*j*~) = covariance from *x*~*i*~ and *x*~*j*~; , = partial derivative from y according to *x*~*i*~, e.g., *x*~*j*~.

At first, uncertainties due to sample variance were calculated. Regarding mineral soils (soil group + federal state) and organic layers (forest stand type + federal state), the calculation of variances of the C stock estimations was performed individually for each category. In each of these categories, the standard errors and means of FESI, FESII, C~org~I, C~org~II, *t*~Δ~ and the covariance among those variables as well as the sampling number according to Eqns [3](#e3){ref-type="disp-formula"}, [4](#e4){ref-type="disp-formula"} and [6](#e6){ref-type="disp-formula"} were included. In the event of unpaired samples, covariance of variables between both inventories did not play a role. Subsequently, variances of the individual categories were combined to the area-weighted overall variance \[Eqn [7](#e7){ref-type="disp-formula"}\]: with = overall variance; = variance of the category *m*; *A*~*i*~ = area of the category *m*.

To assess the impact of the input variables\' variance on the total sample variance, each term in Eqn [6](#e6){ref-type="disp-formula"} was separately calculated and expressed as a percentage of the sum of their absolute values ([@b71]). For this analysis, only measured fine-earth stocks from plots of both inventories were selected.

In addition to the sample variance, there are uncertainties obtained by single measurement techniques. Results of interlaboratory tests served to quantify C analysis uncertainties. Interlaboratory tests were performed during both inventories. We used these results as an estimate of the uncertainty for C measurements within the inventories. Considering interlaboratory tests of NFSI II samples, the standard deviation of repeatability as pooled intra-laboratory standard deviation of C analyses within the labs, and the interlaboratory standard deviation was used to estimate the standard deviation of all means. This allows the calculation of the standard deviation of reproducibility \[Eqn [8](#e8){ref-type="disp-formula"}\], which is suitable as an estimated value for the measurement uncertainties: with = standard deviation of reproducibility; = standard deviation of repeatability; = interlaboratory standard deviation.

The interlaboratory ring tests of the NFSI II revealed standard deviations of reproducibility ranging from 0.9 mg g^−1^ for noncalcareous soils to 2.9 mg g^−1^ for calcareous soils. A standard deviation of reproducibility of 20.2 mg g^−1^ was estimated for the organic layer. The values were in the range of ca. 5% of the sample means. For calcareous soil samples, the coefficient of variation amounted to 18%. Based on analyses of laboratory ring tests of the [@b91]) presented CV\'s of the mineral soil (5--20%) and the organic layer (5--10%).

To assess the uncertainties which derived from methodological changes in analysis techniques between both inventories, NSFI I samples (wet combustion with potassium dichromate and acid sulfur) from 40 plots were reanalyzed with NSFI II methodology (dry combustion). The results revealed for the organic layer an average increase from 309.9 ± 11.9 mg g^−1^ (NSFI I, wet combustion) to 320.8 ± 12.6 mg g^−1^ (NSFI II, dry combustion). The root mean square error (RMSE) amounted to 54.3 mg g^−1^. The C concentrations of mineral soil samples decreased from 12.2 ± 1.0 mg g^−1^ to 11.3 ± 1.1 mg g^−1^. The RMSE amounted to 2.8 mg g^−1^. Regression analyses with both sets of C concentrations were performed. The C concentrations of the mineral soil were log transformed to obtain homoscedasticity. In both cases F-statistics revealed, that neither the intercept deviated significantly from 0 nor the regression coefficient deviated significantly from 1. Therefore, we concluded that no systematic error occurred due to changes in C estimation method.

To estimate uncertainties of fine-earth stocks, only data from plots was used where fine-earth stocks were measured during both inventories. The fine-earth stock of NFSI I was on average 193 ± 35 Mg ha^−1^ higher than that of NFSI II. It was assumed that fine-earth stocks are constant between both inventories. Moreover, we assumed that the mean deviation plus the deviation (standard error) of the fine-earth stocks represents a certain degree of measurement inaccuracy of fine-earth stocks.

The variance of the annual C stock changes was combined with inaccuracies of the measurement technique to obtain the uncertainty within each category *m* \[Eqn [9](#e9){ref-type="disp-formula"}\]: with = sample variance of the C stocks in category *m*; MD~FES~ = Mean deviation of fine-earth stocks (+ its standard error) between both inventories; Corg~*m*~ = mean C concentrations in category *m*; *S*~CorgRI~, *S*~CorgRII~ = uncertainties due to C concentrations estimation within both inventories (I and II); FES~I*m*~, FES~II*m*~ = fine-earth stocks in category m; Δ*t*~*m*~ = average time between both inventories in category *m*

The area-weighted overall uncertainty was calculated according to Eqn [7](#e7){ref-type="disp-formula"}.

Statistics
----------

Statistical analysis was performed with SAS 9.2. (SAS Institute, Carry, NC, USA) to perform statistical tests. The data were treated as unpaired samples and examined for normality by the Shapiro--Wilk Test and homogeneity of variances by the Levené test. To perform statistical tests not normally distributed data were square-root or log-transformed to receive a normal distribution. Two-way repeated measures [anova]{.smallcaps} of Type I and Tukey--Kramer test were performed to test at a significance level of *α* = 0.05.

Outlier detection has been applied to identify, and where appropriate, remove anomalous observations or untypical and biased values from data. We defined outliers for each forest stand and soil group individually by twice the standard deviation (*x* ± 2*σ*). In addition, C stocks of the paired sample were fitted in a simple linear regression to carry out subsequently the outlier removal procedure. The leverage and the student residues have been used as an impartial statistical measure to evaluate outliers.

Results
=======

C/N ratio and organic carbon concentrations in the organic layer
----------------------------------------------------------------

The C/N ratios of the organic layer of the NFSI II were the lowest under deciduous tree species, whereas coniferous tree species are characterized by high C/N ratios and a higher variability (Fig.[3](#fig03){ref-type="fig"}). We found C/N ratios under tree species that ranged between 23.4 ± 0.4 (misc. deciduous tree species) and 27.1 ± 0.2 (spruce). There were significant differences among tree species as well as an increase in C/N ratios with resampling ([anova]{.smallcaps}; *P* \< 0.001). Despite the different response to tree species and inventory, indicated by a significant interaction ([anova]{.smallcaps}; *P* \< 0.001), an increase in C/N ratios of the organic layer under all tree species was evident between inventories (Tukey; *P* \< 0.05). The mean organic layer C concentrations of the NFSI II ranged between 240.4 ± 4.3 g kg^−1^ (pine) and 345.6 ± 7.6 g kg^−1^ (misc. deciduous tree species). In contrast to the C/N ratios, the variability of C concentrations among tree species was less pronounced for the NFSI I. Nevertheless, there were no differences between inventories, whereas the difference among the tree species was significant ([anova]{.smallcaps}; *P* \< 0.001). This was evident by higher C concentrations under deciduous tree species compared to stands with coniferous tree species. Due to an interaction between the class variables ([anova]{.smallcaps}; *P* \< 0.001), there was an increase in C concentrations under misc. deciduous forest and spruce (Tukey; *P* \< 0.05), whereas under pine the C concentrations declined (Tukey; *P* \< 0.05).

![Soil organic C stocks, C concentrations, and C/N ratios of the organic layer under differing tree species of the first/second (I/II) National Forest Soil Inventory (NFSI). Circles and error bars represent means and standard errors, respectively. The number of observations is ranging from 55 (C/N ratio under oak of NFSI I) to 529 (C stocks under pine of NFSI I).](gcb0020-2644-f3){#fig03}

Organic carbon stocks and carbon sequestration in the organic layer
-------------------------------------------------------------------

We estimated that in Germany, the C pool of the organic layer decreased from 19.0 ± 0.3 to 18.8 ± 0.3 Mg ha^−1^, indicating a loss of 0.02 ± 0.02 Mg C ha^−1^ yr^−1^ between 1990 and 2006. The standard error equaled the sequestration rate and the overall uncertainty was with 0.03 Mg C ha^−1^ somewhat higher than the C change between the inventories; hence, significant differences cannot be proved when considering all uncertainties. Taking the individual substrate groups into account, high base saturated solid rocks were identified as substrate with the lowest C storage capacity (Table[2](#tbl2){ref-type="table"}). On the other hand, dystrophic lowland substrates stored the highest amount of C. The C stocks among forest stand types within the individual substrate groups varied considerably. With the NFSI II, the lowest C stocks were found under deciduous forests on high base saturated solid rock sites. The highest C stocks, however, were observed under coniferous forests on dystrophic lowland sites. This pattern was also evident for the NFSI I. Consequently, we observed differences among the substrate groups ([anova]{.smallcaps}; *P* \< 0.001). We also identified an effect of forest stand type on organic layer C stocks ([anova]{.smallcaps}; *P* \< 0.001). Nevertheless, the change in the C pool was both nondirectional between the substrate groups and the inventories, as well as between the forest stand type and inventories ([anova]{.smallcaps}; *P* \< 0.001). We found an increase in the C pool of dystrophic lowlands under coniferous forest, whereas the C stocks of high and low base saturated mountain sites decreased under all forest stand types (Tukey; *P* \< 0.05).

###### 

Carbon stocks and changes in the organic layer C pool for the first (NFSI I) and second (NFSI II) National Forest Soil Inventory under different substrate groups and forest stand types

  Substrate   Tree species   C stocks NFSI I   C stocks NFSI II   ΔC              ΔC (UC)                        
  ----------- -------------- ----------------- ------------------ --------------- --------------- -------------- ------
  1           CF             148               26.2 ± 1.2^a^      152             28.5 ± 1.0^b^   0.15 ± 0.08    0.11
  MF          5              19.6 ± 7.2^a^     5                  11.2 ± 5.7^a^   −0.62 ± 0.15    0.23           
  2           DF             100               8.0 ± 0.6^a^       102             5.9 ± 0.5^a^    −0.14 ± 0.04   0.07
  CF          216            21.5 ± 0.8^a^     183                24.9 ± 1.0^a^   0.23 ± 0.07     0.09           
  MF          77             17.1 ± 1.2^a^     79                 17.2 ± 1.6^a^   0.00 ± 0.11     0.10           
  3           DF             79                5.7 ± 0.4^a^       95              4.5 ± 0.3^b^    −0.09 ± 0.03   0.03
  CF          77             14.3 ± 0.6^a^     50                 9.6 ± 0.9^b^    −0.30 ± 0.06    0.08           
  MF          74             10.4 ± 0.7^a^     78                 6.1 ± 0.5^b^    −0.28 ± 0.05    0.08           
  4           DF             116               10.7 ± 0.8^a^      106             8.3 ± 0.6^b^    −0.18 ± 0.06   0.07
  CF          342            26.4 ± 0.7^a^     334                25.5 ± 0.7^b^   −0.08 ± 0.05    0.07           
  MF          187            18.9 ± 0.9^a^     180                16.2 ± 1.0^b^   −0.17 ± 0.06    0.08           

n, number of observations; UC, uncertainty; 1, Dystrophic loose substrates; 2, Eutrophic loose substrates; 3, High base saturation; 4, Low base saturation; DF, Deciduous forest; CF, Coniferous forest; MF, Mixed forest.

± indicating variation by standard errors.

Different letters indicate a 0.05 significance level, tested by a two-way [anova]{.smallcaps} and the attended Tukey HSD test for each substrate group individually.

Due to the high influence of the forest stand type on the organic layer C pool, we additionally considered the effects of various tree species (Fig.[3](#fig03){ref-type="fig"}). Organic layer C stocks of the NFSI II ranged between 6.2 ± 0.6 Mg ha^−1^ (misc. deciduous tree species) and 27.1 ± 0.7 Mg ha^−1^ (spruce). The statistical analyses revealed that the C stocks differed significantly among tree species ([anova]{.smallcaps}; *P* \< 0.001), whereas there was no significant effect between inventories. Nevertheless, an increase in organic layer C stocks under spruce and a decrease under beech, misc. deciduous forests, as well as mixed forests (Tukey; *P* \< 0.05) was elucidated by an interaction between tree species and inventories ([anova]{.smallcaps}; *P* \< 0.001).

C/N ratio and organic carbon concentrations in the mineral soil
---------------------------------------------------------------

The C/N ratios of the mineral soil of the NFSI II decreased with increasing depth (Table[3](#tbl3){ref-type="table"}). The uppermost depth increments varied from 15.1 ± 0.2 (NSG 8) to 25.2 ± 0.4 (NSG 1). In the 10--30 cm increment, the values ranged between 12.5 ± 0.2 (NSG 8) and 26.9 ± 0.4 (NSG 1). Changes in the C/N ratios between the inventories were analyzed for each depth individually. It could be shown that in all increments the C/N ratios changed significantly ([anova]{.smallcaps}; *P* \< 0.001). We also found differences among soil groups for all depths ([anova]{.smallcaps}; *P* \< 0.001) as well as interactions between class variables in the 5--10 cm and 10--30 cm increments ([anova]{.smallcaps}; *P* \< 0.001). Increasing C/N ratios were abundant in dystrophic sandy soils of the lowland and in acidic soils of the mountainous and hilly sites, independent of all depth increments. Changes were less developed in the uppermost depth increment. Lower C/N ratios were exclusively evident in alpine soils. In contrast to the C/N ratio, the C concentrations decreased in all soil groups with increasing depth (Table[3](#tbl3){ref-type="table"}). The C concentrations in the upper depth increment ranged between 25.2 ± 2.5 g kg^−1^ (NSG 6) and 108.6 ± 10.2 g kg^−1^ (NSG 16). In the 10--30 cm increment, the C concentrations ranged from 7.0 ± 0.4 g kg^−1^ (NSG 1) to 34.1 ± 3.4 g kg^−1^ (NSG 16). The statistical analyses revealed a significant change in C concentrations between inventories ([anova]{.smallcaps}; *P* \< 0.01) as well as among soil groups ([anova]{.smallcaps}; *P* \< 0.01) for all depth increments. There were also significant nondirectional differences between the class variables in all depth increments ([anova]{.smallcaps}; *P* \< 0.01). The comparison of individual depth increments independent of the soil groups revealed increasing C concentrations in the uppermost depth, whereas the subjacent increment showed both increasing and decreasing values and the lowermost increment almost exclusively decreasing values (Tukey; *P* \< 0.05). Sites with increasing C concentrations in the uppermost increment are dominated by sandy lowland soils. Decreasing C concentrations were especially evident in the lowest depth increment of calcareous soils of the lowlands sites as well as of the mountainous and hilly sites.

###### 

Depth distribution of C/N ratios and C concentrations (C conc. in g kg^−1^) for the first/second (I/II) National Forest Soil Inventory (NFSI) under different newly assigned soil groups (NSG)

  NSG      Depth \[cm\]   NFSI I          NFSI II                                                         
  -------- -------------- --------------- --------------- --------------- --------------- --------------- -----------------
  1        0--5           213             23.5 ± 0.4^a^   26.5 ± 1.0^a^   205             25.2 ± 0.4^b^   33.0 ± 1.3^b^
  5--10    210            21.2 ± 0.4^a^   13.8 ± 0.7^a^   208             26.5 ± 0.4^b^   17.6 ± 0.8^b^   
  10--30   210            20.1 ± 0.5^a^   8.5 ± 0.6^a^    209             26.9 ± 0.4^b^   7.0 ± 0.4^b^    
  2        0--5           71              16.7 ± 0.6^a^   39.2 ± 2.6^a^   82              19.1 ± 0.5^b^   41.8 ± 2.7^a^
  5--10    70             15.5 ± 0.6^a^   21.5 ± 1.7^a^   80              19.0 ± 0.7^b^   24.0 ± 1.7^a^   
  10--30   69             13.6 ± 0.6^a^   9.6 ± 0.9^a^    82              18.9 ± 0.8^b^   10.0 ± 1.0^a^   
  3        0--5           23              15.1 ± 0.8^a^   41.4 ± 2.7^a^   32              16.4 ± 0.5^a^   59.3 ± 4.9^b^
  5--10    24             15.0 ± 0.9^a^   35.6 ± 3.0^a^   33              15.8 ± 0.6^a^   30.6 ± 2.5^a^   
  10--30   24             12.7 ± 0.6^a^   13.6 ± 1.6^a^   32              14.2 ± 0.5^a^   10.8 ± 1.1^a^   
  4        0--5           114             14.9 ± 0.3^a^   43.2 ± 1.4^a^   93              17.4 ± 0.3^b^   44.3 ± 2.0^a^
  5--10    116            14.5 ± 0.4^a^   33.1 ± 1.3^a^   93              16.6 ± 0.3^b^   25.0 ± 1.2^b^   
  10--30   117            12.7 ± 0.4^a^   11.6 ± 0.5^a^   94              14.7 ± 0.4^b^   7.5 ± 0.4^b^    
  5        0--5           96              19.5 ± 0.6^a^   24.7 ± 1.5^a^   91              22.0 ± 0.5^b^   38.5 ± 2.2^b^
  5--10    93             17.9 ± 0.6^a^   11.6 ± 0.9^a^   91              23.6 ± 0.6^b^   15.7 ± 0.9^b^   
  10--30   94             15.5 ± 0.6^a^   5.8 ± 0.5^a^    92              23.3 ± 0.7^b^   5.6 ± 0.4^a^    
  6        0--5           42              21.8 ± 0.8^a^   15.3 ± 1.1^a^   48              22.9 ± 0.7^a^   25.2 ± 2.5^b^
  5--10    41             19.6 ± 0.7^a^   6.0 ± 0.5^a^    47              23.5 ± 0.7^b^   13.0 ± 0.8^b^   
  10--30   41             16.4 ± 0.6^a^   2.8 ± 0.3^a^    47              26.0 ± 1.2^b^   3.9 ± 0.3^b^    
  7        0--5           123             18.1 ± 0.5^a^   35.7 ± 1.3^a^   119             18.8 ± 0.4^a^   41.6 ± 2.0^b^
  5--10    124            17.4 ± 0.5^a^   21.5 ± 0.8^a^   116             18.4 ± 0.4^a^   20.8 ± 1.0^a^   
  10--30   122            14.6 ± 0.6^a^   8.9 ± 0.4^a^    118             15.8 ± 0.5^a^   7.4 ± 0.4^b^    
  8        0--5           109             14.4 ± 0.3^a^   58.4 ± 2.7^a^   108             15.1 ± 0.2^a^   62.6 ± 2.6^a^
  5--10    108            13.5 ± 0.3^a^   42.0 ± 2.1^a^   110             13.9 ± 0.2^a^   39.1 ± 2.0^a^   
  10--30   108            12.4 ± 0.4^a^   20.3 ± 1.3^a^   112             12.5 ± 0.2^a^   14.5 ± 0.9^b^   
  9        0--5           35              15.1 ± 0.5^a^   55.9 ± 3.4^a^   41              16.0 ± 0.4^a^   52.5 ± 3.4^a^
  5--10    36             13.8 ± 0.5^a^   42.7 ± 2.8^a^   42              14.8 ± 0.3^a^   34.7 ± 2.5^b^   
  10--30   36             12.5 ± 0.6^a^   20.2 ± 1.9^a^   42              12.5 ± 0.3^a^   11.3 ± 1.0^b^   
  10       0--5           65              16.2 ± 0.5^a^   34.4 ± 1.6^a^   76              16.7 ± 0.3^a^   40.3 ± 2.2^b^
  5--10    67             15.4 ± 0.6^a^   23.9 ± 1.0^a^   78              15.6 ± 0.4^a^   22.3 ± 1.2^a^   
  10--30   64             12.1 ± 0.5^a^   9.3 ± 0.5^a^    77              13.3 ± 0.3^b^   7.8 ± 0.4^b^    
  11       0--5           51              14.7 ± 0.6^a^   43.1 ± 2.8^a^   50              16.0 ± 0.4^a^   48.4 ± 3.7^a^
  5--10    52             14.2 ± 0.6^a^   27.8 ± 2.2^a^   52              15.7 ± 0.4^b^   32.1 ± 2.4^a^   
  10--30   51             11.7 ± 0.5^a^   12.0 ± 1.2^a^   52              12.7 ± 0.3^a^   12.7 ± 1.1^a^   
  12       0--5           185             18.5 ± 0.4^a^   50.3 ± 1.6^a^   168             19.7 ± 0.3^b^   57.8 ± 2.0^b^
  5--10    187            17.7 ± 0.4^a^   37.8 ± 1.4^a^   171             19.3 ± 0.3^b^   33.9 ± 1.2^b^   
  10--30   185            17.0 ± 0.5^a^   19.0 ± 0.9^a^   169             17.8 ± 0.3^a^   15.3 ± 0.7^b^   
  13       0--5           202             17.1 ± 0.3^a^   54.5 ± 1.5^a^   252             19.2 ± 0.2^b^   58.2 ± 1.5^a^
  5--10    203            14.9 ± 0.3^a^   31.5 ± 0.9^a^   256             18.1 ± 0.3^b^   32.0 ± 0.9^a^   
  10--30   206            12.7 ± 0.3^a^   15.3 ± 0.5^a^   257             15.4 ± 0.3^b^   15.0 ± 0.5^a^   
  14       0--5           248             20.8 ± 0.4^a^   36.4 ± 1.0^a^   259             21.5 ± 0.3^a^   36.4 ± 1.2^a^
  5--10    253            19.8 ± 0.4^a^   21.2 ± 0.7^a^   264             21.4 ± 0.3^b^   18.6 ± 0.5^b^   
  10--30   243            16.5 ± 0.5^a^   9.6 ± 0.3^a^    263             18.5 ± 0.4^b^   8.3 ± 0.3^a^    
  15       0--5           36              16.9 ± 0.7^a^   41.7 ± 2.5^a^   37              18.7 ± 0.7^a^   39.9 ± 4.0^a^
  5--10    35             15.4 ± 0.8^a^   23.5 ± 1.6^a^   38              18.4 ± 0.8^b^   23.1 ± 1.9^a^   
  10--30   36             13.7 ± 1.0^a^   12.0 ± 1.4^a^   38              17.1 ± 0.9^b^   9.4 ± 1.0^a^    
  16       0--5           30              18.4 ± 0.6^a^   98.7 ± 6.5^a^   18              17.8 ± 0.3^a^   108.6 ± 10.2^a^
  5--10    30             18.4 ± 0.6^a^   98.7 ± 6.5^a^   22              16.1 ± 0.3^b^   87.2 ± 8.0^a^   
  10--30   29             16.3 ± 1.0^a^   45.8 ± 4.6^a^   21              15.0 ± 0.3^a^   34.1 ± 3.4^a^   

*n*, number of observations.

± indicating variation by standard errors.

Different letters indicate a 0.05 significance level, tested by Tukey\'s HSD test.

Organic carbon stocks and carbon sequestration in the mineral soil
------------------------------------------------------------------

Average C stocks of Germany\'s forested mineral soils (0--30 cm) were estimated at 55.6 ± 3.4 Mg ha^−1^ for the NFSI I and 61.8 ± 3.7 Mg ha^−1^ for the NFSI II, which resulted in a C accumulation of 0.41 ± 0.03 Mg ha^−1^ yr^−1^. The overall uncertainty was 0.11 Mg C ha^−1^, indicating that C stock changes are significant also when considering all uncertainties ([anova]{.smallcaps}, *P* \< 0.001). The estimated C pools differed significantly among soil groups ([anova]{.smallcaps}; *P* \< 0.001), however, interactions between the class variables ([anova]{.smallcaps}, *P* \< 0.001) indicated texture depending C stocks. This is evident in low C stocks of soil groups derived from sandy substrates and in moderate C stocks of loamy soils of the lowlands as well as soils from solid rocks of mountains and hills (Table[4](#tbl4){ref-type="table"}). High C stocks could be found in calcareous soils across all landscape units. There was a strong increase in C stocks in mostly sandy soils of the lowland (Tukey, *P* \< 0.05). These soil groups are characterized by low initial C pools. Moderate changes were evident in soils derived from solid rocks of mountains and hills as well as in soils of the Alps (Tukey, *P* \< 0.05), whereas changes were not evident in calcareous soil groups. These results showed that a significant positive change, in particular at sites with a low initial C pool was evident, whereas sites with a large C pool did not differ significantly.

###### 

Carbon stocks and changes in the C pool down to a depth of 30 cm of the mineral soil for the first/second (I/II) National Forest Soil Inventory (NFSI) under different newly assigned soil groups (NSG)

  NSG   C stocks NFSI I   C stocks NFSI II   ΔC    ΔC (UC)                         
  ----- ----------------- ------------------ ----- ---------------- -------------- ------
  1     201               52.8 ± 1.6^a^      187   65.5 ± 6.8^b^    0.95 ± 0.12    0.24
  2     56                60.5 ± 2.6^a^      62    65.0 ± 4.9^a^    0.02 ± 0.20    0.31
  3     20                67.3 ± 3.2^a^      25    68.1 ± 2.4^a^    0.20 ± 0.33    0.88
  4     105               66.4 ± 1.8^a^      87    64.1 ± 4.5^a^    0.14 ± 0.12    0.29
  5     77                33.4 ± 1.6^a^      75    52.8 ± 2.2^b^    1.19 ± 0.14    0.21
  6     34                24.6 ± 1.6^a^      34    43.7 ± 1.8^b^    1.35 ± 0.19    0.24
  7     126               55.8 ± 1.5^a^      109   63.0 ± 2.2^b^    0.47 ± 0.12    0.20
  8     110               76.3 ± 2.4^a^      106   79.1 ± 0.8^a^    -0.17 ± 0.16   0.83
  9     36                77.1 ± 4.9^a^      43    68.3 ± 1.0^a^    -0.71 ± 0.28   1.39
  10    55                56.7 ± 2.1^a^      63    60.8 ± 0.8^a^    0.19 ± 0.14    0.56
  11    39                51.3 ± 3.2^a^      39    54.6 ± 0.9^a^    0.38 ± 0.17    0.36
  12    187               59.5 ± 1.7^a^      163   62.5 ± 2.2^b^    0.11 ± 0.10    0.31
  13    222               54.7 ± 1.4^a^      233   60.1 ± 4.1^b^    0.44 ± 0.08    0.23
  14    245               50.5 ± 1.2^a^      257   55.3 ± 3.2^b^    0.35 ± 0.08    0.18
  15    30                51.8 ± 2.9^a^      30    49.0 ± 0.9^a^    -0.26 ± 0.20   0.64
  16    34                84.4 ± 6.2^a^      26    104.5 ± 0.5^b^   0.40 ± 0.46    2.40

UC, uncertainty.

± indicating variation by standard errors.

Different letters indicate a 0.05 significance level, tested by a two-way [anova,]{.smallcaps} and the attended Tukey HSD test for each substrate group individually.

Carbon pool changes in forested mineral soils are considered to appear in the top soil; hence the depth distribution of volume-based C stocks was investigated (Fig.[4](#fig04){ref-type="fig"}). The highest C pool could be found in the uppermost depth increments ranging from 30.6 ± 2.3 kg m^−3^ (NSG 15) to 54.1 ± 2.1 kg m^−3^ (NSG 16). The C stocks decreased with increasing depth. The C stored in the lowest increment ranged from 9.1 ± 0.6 (NSG 6) to 30.2 ± 2.1 kg m^−3^ (NSG 16). The C pool of all depth increments has changed significantly with resampling ([anova]{.smallcaps}; *P* \< 0.001). We also detected in all depth increments different C stocks among soil groups ([anova]{.smallcaps}, *P* \< 0.001) as well as an interaction between class variables ([anova]{.smallcaps}, *P* \< 0.01). This shows that the magnitude of C pool changes in each increment is affected by soil groups indicating that the considered stratification approach seems to be a suitable factor for explaining a significant part of the variance. Taking the individual soil groups into account, we observed in the upper depth increments of almost all soil groups a significant increase in C with resampling. Differences were less abundant with increasing depth. Nevertheless, sandy sites of the lowland were the most affected soils in respect to positive C pool changes in all depth increments. A C change in the 5--10 cm increment was hardly abundant apart from the sandy soils of the lowland. Outside of sandy soils, acidic soils of the mountains and hilly areas as well as alpine soils showed an increase in C stocks in the lowest increment.

![Depth distribution of soil organic C stocks under different newly assigned soil groups of the first/second (I/II) National Forest Soil Inventory (NFSI). Bars and error bars represent means and standard errors, respectively. Abbreviations in the legend represent the newly assigned soil groups (cf. Table[1](#tbl1){ref-type="table"}).](gcb0020-2644-f4){#fig04}

Bulk density of the mineral soil
--------------------------------

The bulk density showed a high variability among the soil groups ranging from 0.30 ± 0.02 (NSG 16) to 1.11 ± 0.01 g cm^−3^ (NSG 1) in the upper depth increment (Fig.[5](#fig05){ref-type="fig"}). With increasing depth the bulk density increased, whereas the lowest increment revealed values between 0.57 ± 0.04 (NSG 16) and 1.48 ± 0.02 gcm^−3^ (NSG 6). We could further show that the bulk density in the 0--5 and 5--10 cm increments has changed significantly since the NFSI I ([anova]{.smallcaps}; *P* \< 0.05). We further detected different bulk densities in all depth increments among soil groups ([anova]{.smallcaps}; *P* \< 0.001) as well as interacting class variables ([anova]{.smallcaps}; *P* \< 0.001). We showed for the uppermost increment on nearly all substrates (NSGs 1, 3, 4, 6, 7, 9, 10, 12, 14, and 16) a significantly decrease in bulk densities with resampling (Tukey; *P* \< 0.05). Decreasing bulk densities were found mainly on calcareous sites (NSGs 4, 7, 10, 12, and 15) in the lower depth increments (Tukey; *P* \< 0.05).

![Relation between the bulk densities of the first/second (I/II) National Forest Soil Inventory (NFSI) in respect to the newly assigned soil groups (NSG). Bars and error bars represent means and standard errors, respectively. Numbers in the legend represent the newly assigned soil groups (cf. Table[1](#tbl1){ref-type="table"}).](gcb0020-2644-f5){#fig05}

Changes in bulk density may result in changes in the C pool. Therefore, we analyzed the relation between bulk density and C concentrations in the mineral soil. To consider that bulk densities were partly transferred from the first to the second inventory, and vice versa, the analysis was conducted exclusively with untransferred data. We showed that in each depth increment the bulk density decreased with increasing C concentrations (Fig.[6](#fig06){ref-type="fig"}). Similar results could be obtained for the NFSI I in the uppermost increment (*r*^*2*^ = 0.37; *y* = 1.3181 − 0.0082*x*), for the 5--10 cm increment (*r*^*2*^ = 0.46; *y* = 1.4238 − 0.0113*x*), as well as for the lowest depth (*r*^*2*^ = 0.24; *y* = 1.4626 − 0.0180*x*). The relations, however, differed in each depth increment indicated by shallower slopes in the uppermost increment compared to the lower depth increments.

![Relation between C concentrations and bulk density in different depth increments of the mineral soil.](gcb0020-2644-f6){#fig06}

Uncertainty
-----------

We showed that the largest part of the overall sample variance was explained by the variance of the C concentrations, which was evident for both inventories (Fig.[7](#fig07){ref-type="fig"}). In contrast, the fine-earth stock variances were less prominent for both inventories. The covariance among the variables within both inventories and in particular the covariance of the C concentrations contributed to a decrease in the overall uncertainties for both inventories. The total uncertainty of the annual C sequestration estimations of the mineral soil were composed out of differing estimated uncertainties (Fig.[8](#fig08){ref-type="fig"}). Mineral soils showed uncertainties ranging from 0.037 Mg ha^−1^ yr^−1^ (sample variance) to 0.058 Mg ha^−1^ yr^−1^ (laboratory analysis to determine C concentrations of NFSI I). The uncertainties for the organic layer ranged from 0.015 Mg ha^−1^ yr^−1^ (laboratory analysis to determine C concentrations of NFSI II) to 0.023 Mg ha^−1^ yr^−1^ (laboratory analysis to determine C concentrations of NFSI I).

![Relative contribution of differing variance components to the overall variance of the estimated C sequestration rate of the mineral soil. The relative contribution was calculated as the portion of the sum of the total contribution of the variance components consisting of covariance (cov) or variance (s^2^) of C concentrations/fine-earth stocks (Corg/FES) of the first/second (I/II) National Forest Soil Inventory (NFSI). The calculation considered data consisting exclusively of independent measurements of the respect parameter for both inventories.](gcb0020-2644-f7){#fig07}

![Several uncertainties for the annual C sequestration rate estimation for the mineral soil and organic layer. The total uncertainty of the annual C sequestration estimation of the mineral soil (uTotal) was composed out of uncertainties of the sample variance (uSample), uncertainties of lab C analysis from the first/second National Forest Soil Inventory (uCorgI/uCorgII), uncertainties of fine-earth stock estimations (uFES).](gcb0020-2644-f8){#fig08}

Discussion
==========

Status and trends of the organic layer carbon pool
--------------------------------------------------

The averaged area-related amounts of C stored in the organic layer were estimated to be 18.8 Mg ha^−1^. A study from [@b89] on comparable site qualities and forest stand types showed a somewhat higher C pool (24 Mg ha^−1^) for southern Germany. This could be explained by a higher proportion of alpine sites where thick organic layers are common. In our study, the organic layer was strongly influenced by the tree species composition as indicated by differences in the C pool among forest stand types (Table[2](#tbl2){ref-type="table"}) or among tree species (Fig.[3](#fig03){ref-type="fig"}). Tree species influence is often first detectable in forest floors and this has been shown in numerous studies (Vesterdal & Raulund-[@b83]; [@b5]; [@b57]; [@b72]; [@b89]). Coniferous forests were favored to store higher amounts of organic layer C (14--26 Mg ha^−1^) than mixed (10--20 Mg ha^−1^) or deciduous forests (5--11 Mg ha^−1^). Here, we are in the range of averaged organic layer C stocks of 22 Mg ha^−1^ under coniferous species and 13 Mg ha^−1^ under broad-leaved species in warm temperate moist climates provided by the IPCC guideline ([@b32]).

In our study, the organic layer was identified as a stable C pool. A comparison to most of the existing inventory-based studies showed contradicting results where the organic layer is likely to accumulate C. Generally, soil inventory based studies on organic layer C pool changes are scarce and solely available for North and North-West European Countries. Denmark\'s soil inventory was assessed by [@b55] who showed that the organic layer sequestered 0.31 Mg C ha^−1^ yr^−1^. The mean sequestration rate in organic layers of podsolic forests soils in Sweden was estimated to be 0.25 Mg ha^−1^ yr^−1^ ([@b8]). Various indirect extrapolation methods for the organic layer of Swedish forest soils estimated sequestration rates ranging from 0.10 to 0.13 Mg ha^−1^ yr^−1^ ([@b45]; [@b5]; [@b4]). [@b10] reported mean accumulation rates of 0.35 Mg C ha^−1^ yr^−1^ in organic forest soil horizons from 15 profiles in North-East Scotland, which were sampled in 1949/50 and 1987. Studies with a more local sampling schema also revealed increasing C pools indicated by differing site quality and tree species effects. Most of these studies are spruce dominated. In our study, we clearly detected an increase in the C pool under spruce, whereas deciduous tree species and mixed forests showed decreasing amounts of C (Fig.[3](#fig03){ref-type="fig"}). The C sequestration potential under spruce stands was also demonstrated by [@b65], who showed in a long-term experiment under Scots pine that the organic layer displayed a increase of 0.4 Mg C ha^−1^ yr^−1^. Also a model based study of [@b5] presented sinks for Norway spruce (0.2 Mg C ha^−1^ yr^−1^).

Status and trends of the mineral soil carbon pool
-------------------------------------------------

Our estimation of the total C pool of the upper 30 cm of the mineral soil is with 55.6 Mg ha^−1^ (NFSI I) and 61.8 Mg ha^−1^ (NFSI II) considerably lower than results for temperate forest soils of Belgium of 88 to 96 Mg ha^−1^ ([@b43]; Stevens & van [@b78]) and France of 70 Mg ha^−1^ ([@b50]). A probable overestimation of C stocks was depicted to be partly based on the estimation of soil properties as bulk density and stone content. A recent study from [@b89] conducted in southern Germany, revealed that under comparable environmental conditions the Bavarian forest soils stored 98 Mg C ha^−1^. This study focused on a depth down to the bedrock or at least to a depth of 1 m, whereas we focused to a depth of only 30 cm. The subsoil contains, however, approx. a third or more of all soil C above the depth of 1 m ([@b6]; [@b35]; [@b45]). Despite the limitation to the upper 30 cm, the differentiation between the soil groups was sufficient. The importance of soil specific C stocks has been reported in several studies ([@b37]; [@b51]; [@b43]). Nevertheless, the assignment of mean C stocks to soil groups bear uncertainties due to the varying number of plots per unit as some of the units were represented only by a small number of plots or were completely absent. We could demonstrate that due to the regular sampling grid, the number of plots per soil unit was proportional to the area covered by the soil unit.

We estimated that the mineral soil sequestered 0.41 Mg C ha^−1^ yr^−1^. Our results are consistent with findings in a meta-analysis conducted by [@b49], suggesting an increase of 0.2 Mg C ha^−1^ yr^−1^ in Europe. [@b43] also detected an increase of ca. 0.55--0.73 Mg C ha^−1^ yr^−1^ in forest soils of Belgium down to a depth of 30 cm. The Swedish National Forest Soil Inventory ([@b76]) revealed a C increase of 0.17 Mg ha^−1^ yr^−1^ in the mineral soil down to the bedrock. [@b55] identified the forested mineral soils of Denmark as a C pool sequestering 0.08 Mg C ha^−1^ yr^−1^. On the other hand, repeated sampling indicated losses of C throughout England and Wales ([@b7]), despite evidence in support of C accumulation. Among other more localized studies, the C sequestration for soil rooting depth was estimated to be between 0.1 Mg ha^−1^ yr^−1^ ([@b53]) and 0.9 Mg ha^−1^ yr^−1^ ([@b74]). Furthermore, a study conducted by [@b71] indicated that changes of 0.2--0.3 Mg C ha^−1^ yr^−1^ could be a realistic assumption for European forest soils, although local changes may be greater.

Controls of carbon stocks and carbon stock changes
--------------------------------------------------

In our study, we clearly showed a site quality effect on the organic layer C pools derived from different parent material (Table[2](#tbl2){ref-type="table"}). We agree with results demonstrating that nutrient-rich soils tend to be associated with higher rates of litter decomposition, whereas the accumulation of SOM in less fertile sandy soils occurs due to reduced decomposition (Vesterdal & Raulund-[@b83]; [@b82]; Ladegaard-[@b42]). Site quality effects on C pool changes were evident due to an increase in the C stocks in dystrophic soils of the lowland, whereas the amount of C stored in the organic layer of high and low base-saturated soils from mountainous sites declined. In a study conducted by [@b82]) it was demonstrated that the accumulation of C in the litter layer was higher on less fertile sites than on relatively fertile sites. Here, the identified site quality effects refer to the geographical distribution of the substrate groups as dystrophic lowland sites are mainly located in northern Germany, whereas mountainous and hilly sites can be found predominantly in southern Germany. On the other hand, we also detected an increase in organic layer C stocks of dystrophic lowland soils under coniferous forest. These sites are common in northern Germany and usually dominated by pine stands.

Our study revealed a parent material effect on the C pool of mineral soils as calcareous soils stored higher amounts of C than soils derived from noncalcareous material (Fig.[4](#fig04){ref-type="fig"}). This was evident for calcareous lowland soils as well as for the Alps, where calcareous substrate is the most abundant and C concentrations are among the highest. Calcareous sites were characterized by low organic layer C stocks, but higher amounts of C in the underlying mineral soil. We suppose that this opposing trend may offset the differences in the organic layer thus showing the highest amounts of C in these soils throughout all depth increments. This was also reported by [@b84]. Beside the parent material, the soil texture affected the amounts of C as rich-clay soils stored more C compared to sandy soils. Default values according to the IPCC guidelines ([@b32]) for warm temperate moist climates for the uppermost 30 cm of the mineral soil ranged from 34 Mg C ha^−1^ in sandy soils to 88 Mg C ha^−1^ in high activity clay soils. [@b89] could not detect any significant differences in C stocks among soils developed from different parent material. In our study, the soil properties are emphasized despite the lower sampling depth, indicating that our approach sufficiently implements the stratification according to soil groups.

We could show that sandy lowland soils sequestered larger amounts of C than clayey-loamy soils of the mountains and hills even though these soils showed low initial C stocks and C concentrations (Table[4](#tbl4){ref-type="table"}). These differences in the texture depending C stocks indicate that the extent of decomposition increases from sand to silt to clay-sized complexes ([@b29]). This can be explained by the positive relation between C and clay content, which may be attributed to the stabilization of SOM by the formation of stable complexes with clay minerals ([@b80]; [@b77]; [@b30]). [@b66] reported that in a pine forest ecosystem in South Carolina, USA, there was a strong C sink even though the mineral soil accounted for \<1% of the C accretion. Despite high inputs of C, they supposed a limited C sequestration by rapid decomposition facilitated by the coarse soil texture and low-activity clay minerals. In our study, the notable increase in the amount of C in sandy soils can be attributed to an increase in C concentrations while simultaneously increasing C/N ratios (Table[3](#tbl3){ref-type="table"}). Therefore, we assume a higher C accumulation efficiency of sandy soils compared to other soils due to reduced decomposition. It is thought that the major part of the C pool in the mineral soil consists of the light organic matter fraction which contributes to the labile C pool ([@b27]; Kögel-[@b39]). We assume an enhanced contribution of the labile pool to the total C pool in sandy soils compared to clay-rich soils, which is indicated by increasing C concentrations and C/N ratios of sandy soils. A decrease in C concentrations and C/N ratios with the proportion of stabilized SOM has been shown in several studies ([@b27]; [@b29]; Kögel-[@b39]). It should be taken into consideration that this labile pool is prone to disturbance such as climate change, forest fires, and management practices ([@b33]; von Lützow & Kögel-[@b46]) and thus crucial for the management of C sequestration ([@b89]). The potential of sandy soils to sequester C was highlighted in a study from [@b78]) who showed that soils with high C content tended to lose C, whereas conversely, soils with low C tended to gain [@b73]) supposed that the importance of the clay fraction can become notably relevant with lower clay content. Therefore, we assume that there is an enrichment of C in fine particle fractions in low-clay sandy lowland soils. Consequently, the relative magnitude of C accumulation is elevated in low clay soils compared to high clay soils.

The bulk density of the uppermost increment ranged from 0.30 to 1.24 g cm^−3^ (Fig.[5](#fig05){ref-type="fig"}). The bulk density increased with increasing depth, which is confirmed in other studies on forest soils ([@b14]; [@b71]). Higher bulk densities usually occur in deeper soils due to the weight of the overburdened soil. We observed values in the 10--30 cm depth increment ranging from 0.57 to 1.48 g cm^−3^. As confirmed in other studies, the variability of bulk densities increased with depth ([@b13]; [@b60]). Similar bulk densities for forest soils were reported in previous studies ([@b14]; [@b16]; [@b71]). The observed low bulk density of alpine soils may be attributed to the driving hammer sampling technique. A study from [@b58] compares the driving hammer method with the carving method. They concluded that the bulk density would be underestimated and the change in soil C due to varying sampling techniques is greater than changes in C over a certain time period.

Similar to other studies, we found a negative relationship of C concentrations with bulk density (Fig.[6](#fig06){ref-type="fig"}). This may explain that in most of the soil groups the bulk density decreased, whereas the C concentrations increased ([@b31]; [@b16]; [@b71]). Decreasing bulk densities between sampling times may result in a SOM gain underestimation due to an increasing thickness of the soil. A comparison of both soil layers may accomplished by a mass weighted calculation, supposed by [@b19]. This approach was, however, not applicable as the data were limited to a depth down to 30 cm of the mineral soil. The relative variability of C concentrations was higher compared to the bulk density, which was already demonstrated by other studies ([@b16]; [@b25]). Estimates of C stocks are widely used by pedotransfer functions to estimate bulk density from the relation to C concentrations. Here, the correlation between C concentrations and bulk density was not reliable to achieve C stock estimates. In a study from [@b88], the calculation of C stocks resulted in an overestimation of up to 50%. Therefore, the application of modeled parameters is afflicted with high uncertainties and can be deemed problematic due to systematically biased estimations. In contrast to modeled parameters, a considerably low uncertainty was achieved for the inventory data in our study (Fig.[7](#fig07){ref-type="fig"}). Consequently, direct measurements by repeated soil inventories are urgently needed to improve modeled estimates.

Due to the availability of relevant soil parameters such as C concentrations and bulk density determined down to a depth of 30 cm, as well as comprehensive field information, a valuable dataset depicting Germany on a national level can be regarded as representative for large-scale studies in Central Europe. This in turn highlights the surveying of pedogenetic properties and forest stand information in large-scale inventories. The bulk density is necessary to calculate C stocks which are based on fine-earth stocks. After comparing the variance of fine-earth stocks with that of the C concentrations, less uncertainty in fine-earth stocks was evident (Fig.[8](#fig08){ref-type="fig"}). This contradicts the results of [@b71] who demonstrated that on stone rich coniferous forest sites, the fine-earth content had a higher contribution to the variance than that of the C concentrations. It is assumed that the contribution of fine-earth content to the C stock variance increases with the coarse soil fraction. In our study, there are both soils with high and low proportions of coarse soil fractions. Nevertheless, the uncertainty of the measurement and the sample variability were simultaneously considered to improve estimates of C pool changes. This was accomplished for the first time in a national study. However, uncertainties are implied in C stock estimations by small scale spatial heterogeneity as soil properties are correlated over short distances. [@b70]) estimated coefficients of variation for the litter layer (38%) and for the mineral soil (30--45%) of a European beech forest. Similar results were obtained by [@b44]), who demonstrated that the C stocks of soil horizons in a spruce forest were uncorrelated outside a range of 8 m. Uncertainties are also possible due to errors in the measurement of physical and chemical soil parameters. Uncertainties may arise due to changes in laboratory methods between the first and second NFSI as well as from differing analysis methods at various laboratories. Analysis in laboratories were aligned and verified by interlaboratory ring tests. While the ring analyses revealed an approximated 5--20% of uncertainties for organic C concentrations during the NFSI I, the percentage of uncertainty could be lowered to 5% for inorganic C free samples during the NFSI II. The presence of inorganic C increased largely the uncertainty. In our uncertainty budgets we overestimated the uncertainty of C estimation. This is why we applied the uncertainty of inorganic C containing samples to all plots within the major soil groups which contain inorganic C irrespectively of the presence of inorganic in the sampling depth down to a depth of 30 cm.

The depth distribution of volume-based estimates demonstrates that the highest proportion of the C pool increase can be attributed to the upper depth increment (Fig.[4](#fig04){ref-type="fig"}). The accumulation of C, especially in the topsoil, may be attributed to the increase in net primary productivity and litter input and/or reduced decomposition rates. In Central Europe, high loadings of N-depositions are thought to be a major disturbance of the C cycle (de [@b86]; [@b34]). Long-term deposition with low to medium intensity leads to an accumulation of C in the soil (de [@b86]) and to reduced respiration and decomposition rates ([@b38]; [@b34]). In our study, we found contrasting evidence of elevated N induced C accumulation in the mineral soil and in the organic layers. There were increasing C/N ratios but on average constant C concentrations in the organic layer (Fig.[3](#fig03){ref-type="fig"}), meanwhile an increase in both C/N ratios and C concentrations in the topsoil of most groups was also evident (Table[3](#tbl3){ref-type="table"}). Increasing C/N ratios indicated by a rise in the C pool in spite of N-deposition is an expected C accumulation response to elevated N (de [@b86]). On the other hand, long-term experiments revealed that N deposition leads to a decrease in C/N ratios in the organic layer, however, unchanging C/N ratios in the topsoil due to an increase in both C and N concentrations ([@b62]). It has been demonstrated that the effect of elevated N on decomposition rates is dependent on litter quality due to increased decomposition rates of high-quality litter and reduced decomposition rates of low quality litter ([@b38]; [@b34]). Our results are in line with this pattern as under deciduous forests and low C/N ratios C stocks of the organic layer declined; meanwhile they increased or remained unchanged under coniferous forests and high C/N ratios.

In our study, we detected decreasing organic layer C stocks under deciduous trees (Fig.[3](#fig03){ref-type="fig"}), whereas the mineral soil C pool generally increased (Fig.[4](#fig04){ref-type="fig"}). This clearly shows that apart from N deposition the species composition is another factor affecting C stocks. It was demonstrated by various studies that the incorporated organic layer of broadleaf species in coniferous forests was beneficial for a sustainable C sequestration ([@b63]; [@b33]; [@b64]; [@b89]). It was assumed when converting monocultures, especially coniferous forests into mixed forests, may alter the plant residues composition. Plant residues are composed of complex mixtures of organic components, mainly polysaccharides and lignin ([@b47]). It has been shown by [@b41] that decreasing foliar lignin contents may act as key factors responsible for decreased forest floor C/N ratios and C stocks. The gradual incorporation of deciduous tree species into coniferous monocultures produces higher biodegradable plant components than that of homogeneous coniferous forest stands. Accelerated decomposition of easily decomposable plant residues may additionally induce a priming effect, enhancing the microbial degradation of older litter ([@b23]; [@b64]). The goal of the Federal Government is to create more site-adapted, ecologically orientated forests which will in turn increase the ecological and economic benefits of Germany\`s forests. Coniferous forests are being regenerated with broadleaved trees since the first inventory, resulting in multilayer stands. These forest transformations may already be affecting the C pool which could result in a translocation of SOM from the organic layer into the mineral soil. In this study, changes in the C pool under deciduous and mixed forests was not provable due to a change in litter quality as the C/N ratio has increased significantly, indicating a decline in litter quality. Taking site-quality as well as the tree species effects into account, we can conclude that tree species selection combined with a specific parent material can be beneficial in soil C sequestration. Parts of the C accumulation capacity may also result from an uneven age structure caused by post World War II large-scale clear cuts with subsequent replanting ([@b12]) as well as the plantations of the 1970s. Decades later, the soil continuously accumulated C without substantial mechanical soil disturbances. Forests growth in Germany currently supersedes the timber harvest, which may partly explain the C sequestration rate. Results of the German National Forest Inventory revealed a sequestration of tree biomass ranging between 1.2 and 2.5 Mg C ha^−1^ yr^−1^ ([@b17]). Several authors concluded that the ageing of forests results in increasing C ([@b33]; [@b48]). Nevertheless, it has been shown in previous studies that fluctuations in the C pool of forested soils are neither linear nor consistent. [@b95] detected increasing soil C concentrations from 1972 to 2004, however they found an increase between 1972 and 1982 yet they observed a decline between 1982 and 1993 and another increase in C until 2004. This shows that the C pool affected forest management activities may occur in shorter time periods than the time span necessary to detect changes by resampling ([@b71]). Therefore, resampling in shorter time intervals is more appropriate in comparison to a single soil inventory repeated after a long time period.
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